The paramagnetic 1:1 coordination complexes of (C 5 Me 5 ) 2 Yb with a series of diazabutadiene ligands, RN=C(R')C(R')=NR, where R= CMe 3 , CHMe 2 , adamantyl, p-tolyl, p-anisyl, and mesityl when R'=H, and R= p-anisyl when R'= Me, have been prepared. The complexes are paramagnetic, but their magnetic moments are less than expected for the two uncoupled spin carriers, (C 5 Me 5 ) 2 Yb(III, 4f 13 ) and the diazabutadiene radical anions (S= ½), which implies exchange coupling between the spins. The variable temperature 1 H NMR spectra show that rotation about the R-N bond is hindered and these barriers are estimated. The barriers are largely determined by steric effects but electronic effects are not unimportant.
Introduction
Coordination complexes of the type Cp' 2 Yb(bipy-X), where Cp' is a substituted cyclopentadienyl ligand and bipy-X is a 4,4'-disubstituted bipyridine ligand, are molecules in which the bipyridine ligand is a radical anion. [1] [2] [3] However, the magnetic moments in these complexes are lower than expected, which implies that the spin carriers are coupled, that is, the spin on the [Cp' 2 Yb(III, 4f 13 )] fragment is coupled with the spin on the bipy-X radical anion (S= ½) fragment. Although the spin carriers are antiferromagnetically coupled, the mechanism by which they couple is not clear; the coupling mechanism is important since exchange coupling between f-electrons with paired electrons or with other f-electrons is generally weak. 4 , 5 The magnetic moments of the ytterbocene-bipy complexes range from small, where µ eff ≈ 0.7 µ B , to large, where µ eff ≈ 3.3 µ B at 300 K, depending on the substituents on the ligands, which implies that the exchange coupling is strong. [1] [2] [3] The terpyridine and substituted terpyridine complexes of decamethylytterbocene behave similarly. 6 , 7 The implication of strong antiferromagnetic coupling in these ytterbocene-bipy complexes provides new ways of thinking about the specific role that electrons in f-orbitals play in bonding in these particular complexes, where an unpaired electron resides in a ligand molecular orbital, which is related to the concept of covalence in felement compounds in general. 8 This paper continues our phenomenological studies of exchange coupling in decamethylytterbocene complexes by preparing the 1,4-diazabutadiene complexes (C 5 Me 5 ) 2 Yb(RN=C(R')C(R')=NR), where R is an alkyl (Me 3 C, Me 2 HC and adamantyl) or aryl (p-tolyl, p-anisyl and mesityl) group and R' is either H or Me, abbreviated Cp* 2 Yb(dad(R')-R). Several diazabutadiene complexes of lanthanide metallocenes have been described for Sm 9 , Eu 10 and Yb. [11] [12] [13] [14] However, the reactions of (indenyl) 2 Yb(thf) 2 and (fluorenyl) 2 Yb(thf) 2 with aryl substituted 1,4-diazabutadiene do not yield simple metallocene adducts, but complexes derived from C-C coupling and C-H bond activation are observed. 15, 16 Results and Discussion
Comparison Between bipy and dad(R')-R Ligands
The frontier molecular orbitals of bipy 17, 18 and dad(H)-R 19 are isolobal. The sigma donor orbitals on each nitrogen atom of bipy and dad(H)-R transform as a 1 +b 2 (in C 2v symmetry). The LUMO is of b 1 symmetry (in C 2v symmetry) in each case as illustrated in A and B. The energy of the LUMO is measured by the reduction potential of the neutral ligands. The reduction potential of some of the 1,4-diazabutadiene ligands used in this study are listed in Table 1 ; the value for bipy is listed for comparison. The reduction potentials show that the LUMO is lower in energy for the dad(H)-R ligands when R is a substituted benzene group relative to bipy, but when R is CMe 3 , the energy of the LUMO is essentially the same as that of bipy. Substituent effects change the reduction potential by 0.73 V, 20, 21 and these changes are readily rationalized by inductive and resonance effects when the substituents on the nitrogen atoms are aromatic rings and by hyperconjugation when the substituents are alkyl groups. Since the diazabutadiene ligands are as easy or easier to reduce than bipy, they are generally thought to be better π-acceptors.
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Synthesis and Physical Properties. All of the dad(R')-R complexes are prepared by adding the diazabutadiene ligand to (C 5 Me 5 ) 2 Yb(OEt 2 ) in hydrocarbon solvent at room temperature, eq.1. The 1:1 complexes are either green or red in color and most of them are difficult to purify by crystallization from the mother liquor. However, most sublime in the temperature range 160-220 °C in diffusion pump vacuum and the sublimed compounds readily crystallize from pentane or toluene solution. The pure complexes are high melting solids, and those that sublime yield molecular ions in their mass spectra; these and other physical properties are shown in Table 2 . The infrared spectra in the low energy region show an absorption that is associated with the (C 5 Me 5 ) 2 Yb(III) fragment, Table 2 . 4 The solution 1 H NMR chemical shifts at 20 °C are indicative of paramagnetic complexes, as are their temperature dependence, see Table 5 , below. All of the complexes are paramagnetic in the solid state but their µ eff values, which lie in the narrow range between 3.3 and 4.0 µ B at 300 K, are lower than expected; the expected value for the two uncoupled spin carriers, Cp' 2 Yb(III, 4f 13 ) and a diazabutadiene radical anion (S= ½), is 4.85 µ B . 23 The lowered value of µ B implies that the spin carriers are antiferromagnetically coupled as in the bipy-X complexes. However, the temperature dependence of the magnetic susceptibility is not simple antiferromagnetic coupling between the spin carriers, which is also true for the bipy-X complexes; these details are described below. both of which are significantly longer than the comparable distances for the complexes given in Table 3 .
In addition, the Yb-N distance in (C 5 The bond distances in the dad(H)-R fragments support the view that it is a radical anion. The uncoordinated diazabutadiene dad(H)-t-Bu, in the trans-conformation, has been structurally characterized. 25 The data in Table 4 compare the C-C and C-N bond distances in the four ytterbocene complexes with those in the free diazabutadiene. The C-C distances shorten and the C-N distances lengthen in the complexes relative to the distances in the free ligand, as expected when the LUMO of the diazabutadiene illustrated in B, above, is populated. The crystallographic data and all of the other data clearly support the idea that the complexes are derived from radical anions and cationic ytterbocene fragments. The plots of χ -1 vs. T and µ eff vs. T define a family of curves, with one exception, in which µ eff increases, more or less smoothly, to 400 K, where the curves appear to saturate with an effective magnetic moment of 3.9-4.2 µ B . These plots are similar in shape to those for the bipy-X derivatives, though the net magnetic moments in the high temperature regime are much lower, in the range of 1-3.9
µ B (at 400 K). [1] [2] [3] This pattern implies that the reason for the lowered magnetic moments, relative to the value expected for two uncoupled spin carriers, is the same, viz., exchange coupling between the Table 5 . 28 In showing that the dynamic processes, described in detail below, are due to intramolecular processes. , when axial symmetry is present. 31 Thus the isotropic chemical shift depends on the distance r of the observed nucleus from the paramagnetic center (that is, the distance from the unpaired spin) and D, which is related to T -1 , if the Curie-law is followed. This is a good approximation for the vast number of complexes we have prepared over the years since the metal to ligand bonds are not covalent, that is, the unpaired spin density on the ligands is small since unpaired f-electrons are localized on the metal center and contributions from the Fermi contact term or deviations from the Curie-law to the overall isotropic chemical shift are small. We have recently shown that complexes in which the ligand is a radical anion, such as Cp' 2 Yb(bipy-X), the plot of the solid state magnetic susceptibility, χT, T and the reduced chemical shift of a given resonance as a function of temperature, ϑ 298 vs. T. 38, 39 These plots are available as Supporting Information. Chemical shift (ppm) During the temperature study, another resonance that is very broad at 20 °C emerges from the baseline as the temperature is decreased as two widely separated resonances due to 2H each. As the temperature is increased from +20 °C to +90 °C, this coalesced resonance, due to 4H, is linear in temperature. These resonances are either the ortho-or meta-CH's and it is difficult to assign them with certainty, however, the broader one at 20 °C is likely to be the ortho-CH, since it is closer to the paramagnetic center. The assignment is not crucial, since the activation free energy derived from the line shape for both resonances is identical, Table 6 . The temperature behavior of the resonances is as expected for hindered rotation of the p-tolyl group about the N-C(ipso) bond. At low temperature the two p-tolyl rings are orientated as in the solid state structure, Figure 1 and 2, the molecule has averaged C 2v symmetry and each ortho-and meta-CH's are distal and proximal relative to the ytterbocene fragment. As the temperature is increased, rotation around the N-p-tolyl bond increases, resulting in distal-proximal site exchange with barriers of about 10 kcal mol -1 in each case, Table 6 . Chemical shift (ppm) Chemical shift (ppm) groups, 44 which was attributed to hyperconjugation. Thus, NMR and EPR spectra support the idea of an electronic contribution to the N-C(R) rotation barrier, however steric hindrance to rotation is likely to be the major contributor. 
(d) Quantitative Evaluation of the N-CMe 3 Rotation Barrier
The rotation barriers in the dad(H)-R, where R is aryl, listed in Table 6 , are readily obtained since they involve coalescence of two resonances of equal intensity. [40] [41] [42] This graphical method cannot be used, however, for estimating the free energy barrier in the dad(H)-t-Bu complexes since the populations of the exchanging sites are unequal. In a diamagnetic compound, line-shape analysis is used to solve this problem, but this method requires that the spin-spin relaxation time (T 2 ) does not depend on temperature, a condition that is not valid for paramagnetic compounds, whose line-widths often are very temperature dependent. An analytical method, however, has been developed for estimating the activation free energies for a 2:1 site exchange. 46 This method is outlined in the Experimental Section, and the values obtained for the activation energies given in Table 7 are reasonable as they are similar to those in Table 6 . Table 7 . Barrier to CMe 3 site exchange in Cp' 2 Yb(dad(H)-t-Bu)
∆ν [Hz] a ~ 50000 ~ 54500 While the work described in this paper was in progress, the synthesis and crystal structure of and other recently reported exchange studies, 47, 48 show that the mechanism of ligand exchange also involves a redox process. In an earlier article, 3 a qualitative symmetry orbital model was developed, in which the antiferromagnetic exchange coupling was traced to the interaction between the electron or hole on the bent sandwich fragment (C 5 Me 5 ) 2 Yb(III, f 13 ) which is of f-or d-parentage or hybridization therefrom, with the electron in the radical anion in an orbital of b 1 -symmetry. This qualitative coupling scheme depends on the relative orbital energies and overlap integrals of the individual fragments and ultimately on the crystal field states of B 1 symmetry on the ytterbocene fragment.
Conclusions
The studies described in this paper, along with those in earlier papers [1] [2] [3] show that the bipy-X and anion. The tools used by physicists, such as those described in ref. 8 , must be employed in order to achieve a molecular level of understanding; these and related studies will be reported in due course.
Experimental Section
General Comments. All reactions, product manipulations, and physical studies have been carried out as previously described. [1] [2] [3] The temperatures quoted in the variable temperature NMR are obtained by calibration of the probe, in the specific instrument used, by recording the chemical shift of methanol (low temperature) and ethyleneglycol (high temperature). 42 The 1,4-diazabutadiene ligands were purified by crystallization and/or sublimation prior to use. The ∆G ╪ value for an unequal population site exchange system was determined using eqs. 2 and 3. 46 This method has been applied to the spin-equilibrium in dimethylmanganocene. 38 Eqs. 2 and 3 give the change in free energy of activation for species A and B. 
